Levoglucosan is considered as a useful molecular tracer of biomass-burning aerosols in the atmosphere.
Introduction
Biomass burning, associated with both open and domestic fires, is one of the main sources of atmospheric aerosols on the global scale. Levoglucosan (1,6-Anhydro--D-glucopyranose) is a major pyrolysis product of cellulose and hemicellulose, and has recently been highlighted as a useful molecular marker of biomass-burning aerosols (Simoneit, 2002) . The advantage of levoglucosan over the conventional biomass-burning tracer, potassium, is that it is specific to biomass burning: no other sources are known to exist to date. In a number of source emission studies, levoglucosan has been reported to be most abundant in lists of individual detected particulate organic compounds (e.g., Schauer et al., 2001) . Furthermore, levoglucosan has also been detected in a number of ambient studies (e.g., Graham et al., 2002; Puxbaum et al., 2006; Feng et al., 2007) . The existence of levoglucosan in aerosols in remote marine (e.g., Mochida et al., 2003a) and polar regions (e.g., Stohl et al., 2007) indicates its long-range transport capability. Because levoglucosan is also detected in sediments (Elias et al., 2001 ) and Antarctic ice (Gambaro et al., 2008) , its application to paleo-environmental studies is potentially important, as well.
In previous studies, levoglucosan was used to qualitatively and quantitatively assess the contribution of biomass-burning smoke to the aerosol mass (e.g., Puxbaum et al., 2006) . While a number of studies reported short-term variations of levoglucosan, studies on long-term variations (e.g., Puxbaum et al., 2006) are not sufficient to understand the spatial and temporal distributions on a global scale. In particular, little is known about the abundance of levoglucosan in areas distant from biomass-burning sources or its usefulness as a tracer after long-range transport (Hofmann et al., 2010) . In this study, we observed levoglucosan for three years over the Island of Chichi-jima in the western North Pacific, which is located ~2000 km from the Asian continent and is under the influence of Asian outflow (e.g., Kato et al., 2001) . We discuss the concentration levels, temporal variation, and abundance relative to carbonaceous components in view of the long-range transport from the source regions. Furthermore, these characteristics are compared to values reported in previous studies and estimates obtained from a global aerosol model to assess the usefulness of levoglucosan as a biomass-burning tracer at a remote marine site. converted to those at 20 C and 1013 hPa. The QFFs were placed in glass bottles and stored in freezers.
Methods

Aerosol sampling and chemical analysis
Levoglucosan and D-glucose on the QFFs were quantified by analyzing trimethylsilyl (TMS) derivatives using gas chromatography-mass spectrometry (GC-MS), according to the method outlined in Wang and Kawamura (2005) . More details are presented in the supplemental material. We found that the GC-MS responses of the sugar derivatives decrease nonlinearly when the amounts injected into the GC/MS were less than a few ng (see the supplemental material and Fig. S1 ). The resulting bias of atmospheric concentrations is estimated and presented as bars on the markers in the figures in this paper. Because only large variations in the levoglucosan concentration (e.g., order(s) of magnitude) are discussed, the bias is not critical and values without the correction are presented in the text and tables. Organic carbon (OC) and elemental carbon (EC) on QFFs were quantified by the thermal optical transmittance method with the IMPROVE temperature protocol (e.g., Chow et al., 2001 ) using an OC/EC analyzer (Sunset Laboratory Inc.). Screening of the data for the QFF samples is explained in the supplemental material. In this paper, concentrations of levoglucosan, OC and EC in TSP are compared to those of PM 2.5 and PM 10 at other sites and in biomass burning source emissions reported in the literature. Since these components are in general predominantly present in the fine mode (e.g., Mochida et al., 2007; Wang et al., 2009 ), the comparison is reasonable and helpful in understanding large differences or similarities in concentration levels. The OC and EC values quantified by different methods are also compared, although some biases could originate from the differences in the methods. (Zhang et al., 2007) because biomass burning in China should strongly affect the concentrations of levoglucosan over Chichi-jima, as discussed below. The degradation of levoglucosan was not considered in the model. The concentrations of OC and EC over Chichi-jima are presented in Fig. 2b and summarized in Table 1 .
Backward air-mass trajectories and global aerosol model
Results and Discussion
Seasonal variations of levoglucosan, OC and EC
The concentrations of OC and EC ranged 160-1700 ng m -3 and 10-550 ng m (157-474 ng m -3 depending on the source region (after data screening); Koga et al., 2007) . The mean concentration of OC in the winter was 3.2 times higher than that of EC (Table 1) . The ratio is similar to those of submicron particles in the outflow of East Asian air masses (2.5-3.7) reported by shipboard measurements (Lim et al., 2003) . Although EC showed seasonal variations similar to levoglucosan, a clear seasonal variation of OC was not observed. This implies substantial input of OC from marine (e.g., Fang et al., 2002) and local-terrestrial (e.g., primary biological) sources as well as secondary photochemical formation in the summer.
Comparison with biomass-burning source emissions
We compared the ratios of levoglucosan to OC and EC over Chichi-jima to those of biomass-burning source emissions to assess the influence of biomass burning on the concentration of levoglucosan over Chichi-jima. Fig. 4 plots the ratios of levoglucosan/EC versus levoglucosan/OC for aerosols over Chichi-jima and those from various emission sources. While the ratios for the source emissions range across an order of magnitude, both ratios of levoglucosan/OC and levoglucosan/EC in Chihi-jima aerosols were in most cases orders of magnitude lower than the ratios for biomass-burning source emissions.
If we assume that biomass-burning aerosols that reached Chichi-jima initially had the profile of Chinese cereal straw burning (Zhang et al., 2007) , the observed ratios are reasonably explained by mixing biomass-burning aerosols with non-biomass-burning aerosols (dashed red lines in Fig. 4) and/or the possible degradation of levoglucosan during transport (solid blue line in Fig. 4 ). As shown in ten-day backward trajectories in Figs. 5a and b, the levoglucosan/OC ratios were generally high when air masses arrived directly from Asia and low when air masses stayed over the Pacific for more than 10 d. Although the tendency is weaker for levoglucosan/EC ratios, significantly lower values for levoglucosan/EC ratios were mostly observed for the air mass trajectories that stagnated over the Pacific. Because the local emissions/formation of OC and EC, if they exist, may affect the ratios differently in time, the similar patterns in Figs. 5a and 5b were probably controlled by long-range transported aerosols, rather than by locally-formed/released aerosols. These variations result in the apparent contributions of biomass burning to OC (or EC) in Chichi-jima aerosols being 0.035-24 % (or 0.044-18 %), as estimated from the ratios of levoglucosan/OC (or levoglucosan/EC) in Figure 4 , based on the assumptions that levoglucosan is chemically stable during transport and that the ratios over Chichi-jima were simply the result of mixing Chinese straw burning aerosols with non-biomass burning aerosols. The estimated contributions were, however, probably biased by the decomposition of levoglucosan as well as by the variations of actual source profiles. The possibility of degradation is further discussed below.
Comparison between measured and modeled concentrations of levoglucosan
To assess the stability of levoglucosan during transport, the measured concentration was compared to that estimated using SPRINTARS. Fig. 6 presents OC BB,model , OC model, EC BB,model , and EC model , as well as the concentration of levoglucosan estimated using the model output. The measured concentrations of OC, EC, and levoglucosan are also presented. The model output suggests that the contribution of biomass burning to OC and EC sporadically increases, and the contribution was generally more significant for OC than EC (Figs. 6a and b). The underestimation of the sum of biomass-burning and non-biomass-burning OC may be partly due to the fact that inputs of marine and local terrestrial sources are not considered in the model. Uncertainties in the emission inventories of primary OC and secondary organic aerosol formation could also be responsible for part of the underestimation. For EC, the model output agrees reasonably well with the measured concentration.
As seen in Fig. 6c , the concentrations of levoglucosan estimated from OC BB,model and EC BB,model in the spring, summer and autumn are significantly higher than the measured concentrations, whereas those estimated and measured for the winter are comparable. The ratios of modeled to measured concentrations of levoglucosan are summarized in Table 2 . The overestimation of the levoglucosan concentrations in the spring summer, and autumn implies significant chemical decomposition during long-range transport, although uncertainties in the model estimate may also be responsible for the discrepancy. Conversely, the ratios of measured to predicted levoglucosan concentrations in the winter show a better agreement. The similar concentration level in the winter suggests that the variation of the concentrations of levoglucosan over
Chichi-jima represents the contribution of biomass-burning aerosols as a result of the shorter residence time.
We note, however, that a bias caused by the decomposition of levoglucosan on QFFs during the sampling time in addition to that during atmospheric transport is not fully ruled out, although no significant change over 8 h was reported for levoglucosan spiked on filters (Locker, 1988) . We also note that levoglucosan concentrations cannot be estimated for some data points with negative OC BB,model or EC BB,model . This results in the relatively small number of the winter concentration of levoglucosan estimated from EC BB,model , which is however compensated with that estimated from OC BB,model (Fig. 6c) .
Comparison to the ratios of levoglucosan to OC and EC over the coastal region of East Asia
The comparison of levoglucosan/OC and levoglucosan/EC ratios over Chichi-jima to those over coastal China provides further information on the stability of levoglucosan. Fig. 7 ) was significantly higher than that over Chichi-jima, the levoglucosan/OC and levoglucosan/EC ratios at the two sites show some similarities. Since inputs of EC and levoglucosan are not expected over the Pacific, the difference of levoglucosan/EC over Chichi-jima and Changdao in the winter roughly provides an upper limit for the degradation of levoglucosan during transport by westerly/northwesterly winds; the small difference is qualitatively consistent with the results in Section 3.4. Note that the actual difference could be smaller if the EC over Changdao, which was quantified by the NIOSH protocol, is converted to one based on the IMPROVE protocol. Although levoglucosan/OC is less suited for the comparison because (1) organics may evaporate or condense during transport, (2) some OC may exist in a coarse mode, and (3) local biogenic OC sources may exist, the fact that the ratios of levoglucosan/OC at the two locations were closer in the winter than in the summer further suggests a limited degree of decomposition of levoglucosan during transport by westerly/northwesterly winds. The lower levoglucosan/OC and levoglucosan/EC ratios at the two locations in the summer agrees with the assignment of summer aerosols over Changdao as maritime (Feng et al., 2007) , in contrast to the absence of a clear decrease in levoglucosan/OC over an inland site, Beijing (Zhang et al., 2008) .
A low concentration of levoglucosan relative to OC and EC may be a general characteristic of aerosols over the western Pacific in the summer.
Implications for the chemical stability of levoglucosan
The disagreement between measured and modeled concentrations of levoglucosan, particularly in the summer ( However, at least the direct ozonolysis of levoglucosan, a compound without a double bond, must be insignificant, although O 3 may interact with saturated organics in complex pathways (Bailey, 1978) .
Fraser and Lakshmanan (2000) reported the stability of levoglucosan against acid-catalyzed hydrolysis for 10 d. Similarly, the timescale of the hydrolysis of levoglucosan in an acidified pyrolysis oil extract (sulfuric acid: 500 mM) at 298 K, which can be calculated using the Arrhenius model, is very long (~100 d; Helle et al., 2007) . In contrast, Holmes and Petrucchi (2006) 
Summary
We obtained three-year seasonal variations of levoglucosan, OC and EC over Chichi-jima in the western North Pacific. Levoglucosan showed a seasonal variation with a maximum in autumn and winter. Backward trajectory analysis showed that concentrations of levoglucosan were strongly influenced by Asian outflow, which was in general higher when the air masses were directly transported from Asia with 
